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PHWDOVIURPRLOVKDOHDVKHVDIWHUORQJHUSHULRGVRIFRQWDFW  ZLWK ZDWHU DGGLWLRQDO H[SHULPHQWVZHUH FRQGXFWHGZLWK
VHYHUDO RLO VKDOH DVKHV 3) 3) )%& XVLQJ DQ DVKZDWHU UDWLR RI  $ TXDQWLWDWLYH HVWLPDWLRQ RI DZLGH
VSHFWUXPRILRQVLQFO &D.0J0Q)H1D6L$O DQGVHYHUDOKHDY\PHWDOV &G&R&U&X1L3E9=Q LQ
ILQDO IOXLGZDVFRQGXFWHGDIWHU OHWWLQJ WKHH[SHULPHQWJR WRHTXLOLEULXPLQ WHUPVRIRYHUDOORLO VKDOHDVK OHDFKLELOLW\
DSSUR[LPDWHO\  KRXUV  
7KH UHVXOWV 7DEOH  VKRZHG WKDW DIWHU FDOFLXP . LV WKH VHFRQG ELJJHVW FDWLRQ SUHVHQW LQ WKH ILOWUDWH 
PJ/2WKHULGHQWLILHGLRQVLQFOXGH1D PJ/$O PJ/DQG 6LPJ/ ,RQVOLNH)H0J0Q ZHUH
QRWSUHVHQW LQ WKH ILOWUDWH
7DEOH&RQFHQWUDWLRQRILRQVLQWKH ILQDOIOXLGDIWHU KFRQWDFW 
$VKVDPSOHQDPH  &D . 1D 6L $O )H0J0Q &R &U &X1L3E9=Q&G  62
 PJ/
3)      
3)   

  )%&       

7KHPDLQDQLRQIRXQGLQ WKH ILOWUDWHZDV 62 PJ/$Q LPSRUWDQWGLVFRYHU\IURP DQHQYLURQPHQW DO
SRLQWRIYLHZLVWKHIDFWWKDW QRWUDFHRIKHDY\PHWDOV ZDV GHWHFWHG LQDQ\RIWKHVWXGLHGDVKVXVSHQVLRQILOWUDWHVDIWHU
KRXUFRQWDFW  
(TXLOLEULXPGLVWULEXWLRQRI&DEHWZHHQSKDVHV 
%\ YDU\LQJ  DVKPLOOLSRUH ZDWHU VXVSHQVLRQVPDVV UDWLRV IURP  WR  DQG OHWWLQJ WKH H[SHULPHQW LQ D
VWLUUHGEDWFKJRWRHTXLOLEULXP LQWHUPVRIRYHUDOORLOVKDOHDVKOHDFKLELOLW\ DSSUR[LPDWHO\KRXUV&DHTXLOLEULXP
FRQFHQWUDWLRQ LQ WKHILQDO OLTXLG SKDVH FZDVREWDLQHG  IRUWZRDVKVDPSOHVZLWK&DFRQWHQWRIDQGPJJRI
DVKLQ3)DQG)%&DVKUHVSHFWLYHO\ 7DEOH
7KHHTXLOLEULXPOHDFKLELOLW\FXUYHVRI WKH&D DVK ZDWHU GLVWULEXWLRQZHUH H[SUHVVHGDV WKH HTXDWLRQ
T $% F&F  
ZKHUHFRHIILFLHQWV $%& DUHHYDOXDWHGE\ HTXLOLEULXP H[SHULPHQWV 7R FDOFXODWH WKH HTXLOLEULXP FRQFHQWUDWLRQ
RI &DLQDVK TXQLWLQPDVVPDVVRIDVK7DEOH WKH IROORZLQJPDVVEDODQFHZDVXVHG
:T  9F:T  
ZKHUH9±YROXPHRIOLTXLG:±PDVV RIDVK LQ WKH EHJLQQLQJ RIWKHH[SHULPHQW TLQLWLDOFRQFHQWUDWLRQR I&D
LQDVKXQLWPDVVPDVVRIDVK F±HTXLOLEULXPFRQFHQWUDWLRQRI &DLQZDWHUPDVVYROXP HRIZDWHU: ±PDVVRIDVK
DWWKHHQGRIH[SHULPHQW ,WVKRXOGEHSRLQWHGRXWWKDW WKHPDVVRIDVK LVFRQVLGHUHGWREHGHJUHDVLQJE\WKHDPRXQW
RI &D2GLVVROYLQJLQWRZDWHU 
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)LJXUH (TXLOLEULXP OHDFKLELOLW\ FXUYHV RI&DDVKZDWHUGLVWULEXWLRQIRU3) 3)DQG)%& )%&DVKHV 
,QOHDFKLQJRI&DRXWIUR PDVK WKHFRQFHQWUDWLRQ TLQV LQWHUVHFWLRQRIHTXLOLEULXPOLQH ZLWKTD[HV FRUUHVSRQG V 
WR WKH LQVROXEOH SDUW RI &DLQ WKH DVK IURPHT DQG  DQG  JJ RI DVK IRU 3) DQG )%& DVKHV
UHVSHFWLYHO\WKHFRUUHVSRQGLQJYDOXHRI&D2LVTLQVE\PRODUPDVVHVRI&D DQG&D2 ,QDGGLWLRQHTXDWLRQ 
&D2IUHH TTLQV   
VKRXOGFRUUHVSRQG  WR IUHH&D2 LQDVK7KHUHIRUHIRU)%&DVKHT JLYHVD UHVXOWRI J&D2IUHHJRIDVK
RU ZW ZKLOH WKH FRUUHVSRQGLQJDQDO\WLFDOO\PHDVXUHGYDOXH LVDERXW7DEOH 
,W FDQ EH FRQFOXGHG WKDW WKH DERYH GHVFULEHG DSSURDFK ZRUNV  TXLWH ZHOO DQG FROOHFWHG GDWD FDQ EH XVHG IRU
VLPXODWLRQRISURFHVVHVRIOHDFKLQJGLVVRFLDWLRQRI &D LRQV 
7KHHIIHFWRIWHPSHUDWXUHRQWKH &D HTXLOLEULXPFRQFHQWUDWLRQ 
$ 3) ERWWRP DVK 3)  ZDV VHOHFWHG DV WKH LQLWLDO PDWHULDO LQ WKH WHPSHUDWXUH HIIHFW VWXGLHV  RQ WKH &D 
HTXLOLEULXP FRQFHQWUDWLRQ  DIWHU K FRQWDFW EHFDXVH RI LWV KLJKHU &D2IUHH FRQWHQW § 7KH DVK VXVSHQVLRQ 
WHPSHUDWXUHYDULDWLRQUDQJH ZDVIURPWR& 
$VH[SHFWHG  OHDFKLELOLW\ LV JUHDWHU DW KLJKHU WHPSHUDWXUH DV FRQGXFWLYLW\ LQFUHDVHV ZLWK WHPSHUDWXUH LQFUHDVH
7DEOH  ,Q WHUPVRI &D KRZHYHU LQFUHDVLQJ WHPSHUDWXUH FDXVHV D GHFOLQHLQ WKH &D HTXLOLEULXP FRQFHQWUDWLRQ 
O. Velts et al. / Energy Procedia 1 (2009) 4843–4850 4847
 $XWKRUQDPH (QHUJ\3URFHGLD  ±
ZKLFK LV LQ JRRG FRUUHODWLRQ  ZLWK WKHRUHWLFDO NQRZOHGJH DV WKH KLJKHVW OHYHOV RI FDOFLXP K\GUR[LGH VROXELOLW\ DUH
UHDFKHGDWWKHORZHVWWHPSHUDWXUHV >@
7DEOH(IIHFWRIWHPSHUDWXUHRQWKH&DHTXLOLEULXP FRQFHQWUDWLRQDQGVXVSHQVLRQFRQGXFWLYLW\YDOXH 
FPJ/ &RQGXFWLYLW\P6FPDVKZDWHU 
UDWLR 
7&        
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
%DVHG RQ  WKH UHVXOW V 7DEOH  WKHUH ZDV QR VLJQLILFDQW WHPSHUDWXUH HIIHFW RQ WKH &D FRQWHQW  ZKHQ WKH DVK
VXVSHQVLRQUDWLRVDQGZHUHXVHG+RZHYHUXVHRIPRUHFRQFHQWUDWHGDVK VXVSHQVLRQV DQG 
VKRZHGD QRWLFHDEOH WHPSHUDWXUH HIIHFW ,Q WKH ODVW  FDVH FRQGXFWLQJ &DGLVVROXWLRQ EHORZ RUDW URRP WHPSHUDWXUH
& KDG SUDFWLFDOO\ QRHIIH FWRQWKH&DHTXLOLEULXP FRQFHQWUDWLRQYDOXHLQWKHILQDO VROXWLRQ DERXWDQG
PJ&D/ IRU UDWLRV  DQG  UHVSHFWLYHO\ LQFUHDVLQJ WKH VXVSHQVLRQ WHPSHUDWXUH IURP  WR  &
UHVXOWHG KRZHYHU LQ D &D FRQWHQW GHFOLQH E\ PJ/$W & WKH &D HTXLOLEULXP FRQFHQWUDWLRQ ZDV RQO\
DERXW PJ/ORZHU WKDQWKDWDWURRPWHPSHUDWXUH7KHUHIRUHIDYRUDEOHFRQGLWLRQVIRUEDWFKGLVVROXWLRQRIDVK
FRXOGEHDFKLHYHGDWURRPWHPSHUDWXUHZKLFKVLPSOLILHVWKHILUVWVWDJHRI 3&&SURGXFWLRQSURFH VV
'HWHUPLQDWLRQRIHIIHFWL YHGLIIXVLRQ FRHIILFLHQW LQVROLGSKDVH'V
7KHG\QDPLFV RIOHDFKLQJGLVVROYLQJRIFDOFLXPIURPDVKLQYROYHVDUDWHFRQWUROOLQJVWHSRIPDVVWUDQVIHULQVLGH
DQDVK VSKHULFDO SDUWLFOH7KH HTXDWLRQ GHVFULELQJ KRPRJHQHRXV GLIIXVLRQLQDVSKHUHDVVXPLQJDFRQVWDQW HIIHFWLYH
GLIIXVLYLW\'VDWDOO FRRUGLQDWHV ULQWKHSDUWLFOHLV 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7KXVDSORWRI WT TYVWKHVTXDUHURRWRIWLPHVKRXOGJLYHDVWUDLJKWOLQHRIVORSHN 
N 'Vπ5  
IURPZKLFK'VFDQEHGHWHUPLQHG 
%DVHGRQWKH DERYHWKHRUHWLFDOFRQVLGHUDWLRQVDQGFDOFXODWLRQV  WKH YDOXHVRIWKHVROXWH&D FRQFHQWUDWLRQ FW LQ 
WKHOLTXLGYVWLPH LQVWLUUHG EDWFKOHDFKLQJH[SHULPHQWV ZLWK DVKZDWHUPDVVUDWLRR IDQG IRU3) 3)
J&DJRIDVKȡV JFP  DVZHOODVDQG IRU)%&)%&J &DJRIDVK ȡV JFP 
DVKZHUHGHWHUPLQHG 
)URPWKHPDVVEDODQFH T WYDOXHV FDQ EHFDOFXODW HG
V

9
9FWT:WT −=   
ZKHUH TR LV WKH LQLWLDO VROLGSKDVH FR QFHQWUDWLRQ FW DQG T W DUH WKH YDOXHV RI WKH OLTXLG DQG VROLG SKDVH
FRQFHQWUDWLRQV DW DQ\ ODWHU WLPH 9 LVWKHOLTXLGYROXPH: LV WKHPDVVRIVROLGPDWHULDO 9VLVWKHYROXPHRIVROLG
PDWHULDO 7KHO DVW YROXPH LV FDOFXODWHG E\PDVVRIVROLG :ȡ6ZKHUHȡV LVWKHGHQVLW\RIDVK 7KHYDOXHRIT∞LV
REWDLQHG IURP WKH VDPHPDVV EDODQFH E\ OHWWLQJ WKH H[SHULPHQW JR WR HTXLOLEULXP DQGPHDVXULQJ WKH ILQDO OLTXLG 
SKDVHVROXWHFRQFHQWUDWLRQ(TXLOLEU LXPWLPH ZDVIRXQGWREH DERXWVHFRQGV K
$OWKRXJKRQHPXVW UXQDEDWFK OHDFKLQJH[SHULPHQW IRUD ORQJ WLPH LQRUGHU WRREWDLQ TRQO\VKRUW WLPHYDOXHV
DUH QHHGHG ZKHQ SORWWLQJ WT TYDOXHVYV WO )LJXUH   2YHU VXFK VKRUW WLPHV WKH DVVXPSWLRQ RI D FRQVWDQW
VXUIDFHFR QFHQWUDWLRQ RQZKLFK WKH DERYH HTXDWLRQV DUH EDVHG LV UHDVRQDEO\ JRRG DQG WKXV WKLV DSSURDFK ZRUNV
ZHOO 

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YVWKHVTXDUHURRWRIWLPH IRUGLIIHUHQWDVKHV 
$SORWR I WT TYVWKHVTXDUH URRWRIWLPH)LJXUH IRU DVK3)DVKZDWHUUDWLRJLYHVDVWUDLJKW OLQH
WT
WT
 =
∞
  
RIVORSH NHT IURPZKLFK'V FDQ EHGHWHUPL QHG
 'Vπ5 ⇔ 'V π5 
ZKHUH5LVWKHSDUW LFOH DYHUDJHUDGLXVIURPVL]HGLVWULEXWLRQPHDVXUHPHQW 
7RHVWLPDWHWKH UHOLDELOLW\ RI WKH FDOFXODWHG HIIHFWLYHGLIIXVL RQFRHIILFLHQW YDOXHWKHH[SHULPHQWVZHUHSHUIRUPHG
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